In this study, we supplied glutamic acid (Glu) into brown rice grains and allowed an enzymatic conversion from Glu to γ-aminobutyric acid (GABA) due to biosynthesis induced by high pressure (HP) treatment. The distribution of free amino acids in water-soaked brown rice grains during preservation after HP treatment at 200 MPa for 10 min was analyzed. The free amino acid distribution of HP-treated samples, just after HP treatment, showed no apparent difference from that of untreated control without HP treatment. However, during 4 days preservation at 25℃ after HP treatment, certain amino acids including GABA in the HP-treated samples increased with time and showed higher concentrations than those in untreated samples. To investigate the feasibility for use of HP-treated brown rice grains as a bioreactor producing GABA, Glu was supplied into brown rice grains during water soaking and applied for HP treatment. The GABA concentrations during preservation increased with the increase in the Glu concentrations in the soaking solutions. The initial GABA production rate was accelerated by HP treatment. These results provide feasibility for a novel use of HP technology to alter the metabolic pathways in a cellular biological material and to accumulate useful metabolites.
Introduction
Rice (Oryza sativa) is an important crop especially in Asia. In Japan, water soaking has been traditionally practiced prior to rice cooking. During water soaking, the contents in rice grains could be changed by enzymes responsible for saccharification, proteolysis, and amino acid metabolisms. Saikusa et al. reported that soaking rice in water brought about remarkable changes in the component and content of free amino acid in the rice kernel; the most significant of these was an increase of γ-aminobutyric acid (GABA) content [1] . Based on this finding, an efficient and simple method via water soaking has been developed for production of GABA from rice germ [2, 3] . In addition, glutamate decarboxylase (GAD) have been purified from lactic acid bacteria and were used to produce GABA-enriched food [4, 5] . These efforts were to develop GABA-enriched functional foods, since GABA possesses physiological functions such as neurotransmission, induction of hypotension and diuretic and tranquilizer effects [6, 7] .
High pressure (HP) processing is one of non-thermal techniques for microbial inactivation [8, 9] . The pressurized products can be maintained almost fresh without the change in the flavor and nutrient component in comparison with the heated one, because HP does not alter covalent bonds of organic compounds in a foodstuff [10, 11] .
Avocado puree and tropical juices, which are well known in the world as examples of HP-processed foods, are the products that keep the quality fresh as possible. Thermal changes, such as off-flavor formation, texture softening, and destruction of colors and vitamins, occur on heating [12] . Therefore, the use of HP is of great advantage when we would like to keep a foodstuff fresh [13, 14] .
Moreover, the propagation of pressure in the medium is so rapid that HP treatment can easily give a uniform qualitative change. In contrast, heat treatment can lead spatial difference in temperature when it applied for a food material, because heat transfer takes considerable Bioconversion of Glutamic acid to γ-Aminobutyric acid (GABA) in Brown Rice Grains Induced by High Pressure Treatment time compared with pressure.
The aim of research and development of HP technique in food industry is first non-thermal processing and sterilization [10, 15, 16] . Because low-molecular substances are not affected by HP treatment, foodstuffs have been able to be sterilized without the degeneration of medical ingredients. HP can inactivate the yeast cells which gives a bad effect to Kimchi without the inactivation of lactic acid bacteria, because lactic acid bacteria often resists HP more than the yeast [17] . However, the spore of Bacillus sp. cannot be inactivated by using only HP treatment [18] . So, the foodstuffs contaminated by the spore of Bacillus sp. are sterilized with the combined HP and thermal treatment [19, 20] .
Recently, it has been proposed to use HP treatment on the usage of pre-processing food processing [21] . HP treatment above approximately 100 MPa on a cellular biological material has led to the damage of the cell structure [22, 23] . When internal cell structure and membrane structure are damaged, mass transfer inside is promoted [24] . Then, drying, absorption, extraction and so on are expected to accelerate. The rate of mass transfer depends on the damage of internal cell structure. For example, the dr ying rate of the agricultural product treated by HP was faster than that of the untreated product, slower than those treated by both freeze-thaw and heat, and close to that treated by chloroform vapor [25] .
In addition, a novel biochemical reaction also progresses as a result of HP treatment below approximately 600 MPa, where cer tain enzymes are still active. This HP-induced transformation, or "Hi-Pit [26] ", which includes alternation of cellular structures and active enzymes, could change the component composition [26] [27] [28] and generate a novel compound in an agricultural product [29] . If HP treatment would give the suitable condition for certain biochemical reaction to an inside of agricultural product, the product could behave as a bioreactor.
In a previous paper, we reported that turnip (Brassica rapa) root treated by HP over 200 MPa formed unique green-blue color during 7-d storage at 4℃. The mechanism of green-blue compound formation would be based on biochemical reactions [29] . We also reported that HP treatment at 200 MPa resulted in high accumulation of free amino acids and GABA in water-soaked soybean (Glycine max) [28] . These findings could be explained by the Hi-Pit effect that HP enhanced the apparent activities of enzymes, GAD and/or proteases. HP treatment of water soaked rice grain could also modify the mass trans-fer inside and apparent activities of enzymes, resulting in HP-dependent change of distribution of free amino acids.
Kinefuchi et al. obser ved a high accumulation of
GABA in brown rice during water soaking after HP treatment [30] , possibly due to the Hi-Pit effect. The feasibility of a novel use of HP-treated brown rice grain as a bioreactor that conver ts glutamic acid (Glu) to GABA should be investigated. In this study, therefore, we applied water soaked brown rice grains for HP treatment and subsequent preservation. And effects of HP treatment on distribution dynamics of free amino acids during preservation period were analyzed. Moreover, we analyzed the effect of Glu concentration, which was supplied during water soaking, on the GABA production in the HP-treated and untreated brown rice grains.
Materials and Methods

Sample preparation for HP treatment
Brown rice (Or yza sativa L. ssp. Japonica, cv. hours to allow grains imbibe and swell.
HP treatment and subsequent preservation
Each pack of the soaked brown rice grains was put into which was soaked in each soaking solution, without HP treatment was also prepared and used as untreated control. The untreated samples were applied for the incubation at 25℃ together with the HP-treated samples.
Free amino acid analysis
After incubation at 25℃, 2 g of the grains were homogenized with 18 ml of distilled water in a mortar. The extract was centrifuged at 6000×g for 3 min. The supernatant was centrifuged again at 6000×g for 3 min. The resulting supernatant was applied for free amino acid analysis. The free amino acids in the supernatant were extracted by a solid phase extraction and were derivatized by using EZ:faast amino acid analysis kit (Phenomenex, Torrance, CA, USA) followed by detection through gas chromatography [31] . A gas chromatograph equipped with a flame ionization detector (FID) (GC-14A, Shimadzu, Kyoto, Japan) was used with a capillary column Zebron Amino Acid GC Column 10 m×0.25 mm, supplied in the EZ:faast kit. The carrier gas was Helium at a flow rate of 1.7 ml/min. The oven temperature program was as follows: initial temperature, 110℃ for 1 min; followed by a linear ramp at 24℃/min up to 320℃; and held at 320℃ for 5 min. The temperature of injection port and detector were kept at 250℃ and 320℃, respectively. Under these conditions, a 2 μl of derivatized amino acid sample was injected in a split mode.
Results and Discussion
Effect of HP treatment on distribution of free amino acids in water-soaked brown rice
Brown rice grains, soaked in distilled water containing sodium azide, were applied for HP treatment at 200 MPa for 10 min. The free amino acid concentration in the brown rice sample just after HP treatment was measured.
The brown rice samples, soaked in distilled water containing sodium azide, without HP treatment were used as untreated controls and applied for free amino acid analysis ( Table 1 , Fig. 1a ). Glutamine (Gln) showed the high- Most amino acids were distributed around a line with a slope of 0.9. This result indicated that the HP treatment showed no apparent effect on the free amino acid distribution in brown rice grains, which had been soaked in water, just after HP treatment.
Free amino acid distribution dynamics in water-soaked brown rice during preservation
HP-treated brown rice sample was preserved at 25℃ Two non-protein amino acids, GABA and Hyp, showed different responses during preservation (Fig. 3c) . GABA showed increased concentration in HP-treated samples,
whereas Hyp did not apparently increase by HP treatment. GABA is primarily produced from Glu and Pro by Values are averages of three experiments±standard deviations. Tryptophan, hydroxylysine and cystine were not detected in all samples tested. The GC-FID analysis in this study could not distinguish GABA and Ser., because these two compounds showed an identical retention time.
The values for GABA(Ser) were determined using a standard curve of GABA. ND, not detected. [36] with their isoforms, may be different.
These assumptions could explain the different response to the HP treatment between GABA and Hyp.
In our previous paper, we reported that water-soaked soybean showed high accumulation of free amino acids and GABA by HP treatment and pointed out the contribution of both proteolysis and Glu metabolism [28] . The enhanced increase of GABA by HP treatment, in brown rice, thus, led us to construct following two hypothesis:
(i) Glu supply was enhanced by the improved proteolysis by HP-treatment and (ii) the apparent activity of GAD was improved by HP-treatment.
Effect of HP treatment on distribution of free amino acids in Glu solution-soaked brown rice
As described above, the GABA concentration in the water-soaked brown rice was significantly increased during preser vation after HP treatment, compared with untreated control. GABA would be produced via enzymatic reactions from Glu by GADs. This improvement of GABA increase in HP treated sample suggests that Glu supply was enhanced by the improved proteolysis by HP treatment and/or that the apparent activity of GADs was improved by HP treatment. Therefore, the soaking solution with Glu concentration of 0.01 to 0.5 g/ml was used before HP treatment at 200 MPa for 10 min. The free amino acid concentration in the brown rice sample just after HP treatment was measured ( Table 2 ). The brown rice samples, soaked in each soaking solution, without HP treatment were used as HP-untreated controls. Fig. 4 shows the scatter plots of each amino acid in HP-treated and HP-untreated samples. The plots of amino acids distributed around a line with a slope between 0.7 and 1.2, roughly being 1.0. The Glu concentration in the soaking solution showed no apparent effect on the slope (Fig. 4a to 4g). The increase of Glu concentration in the soaking solution caused to increase of Glu in the brown rice samples up to approximately 120 μmol/g. The plots of Glu also distributed around a line with a slope of 1.0 (Fig.   4h ). These results indicated that the HP treatment showed no apparent effect on the free amino acid distri- This result suggested that the conversion of Glu to Gln did not occur during soaking period. preser vation showed a tendency to increase with the increase in the Glu concentrations in the soaking solutions between 0 and 0.03 g/ml ( Fig. 5a to 5c ). Between 0.05 and 0.1 g/ml of Glu in the soaking solution, no apparent effect on GABA concentration by increase in Glu concentration in the soaking solution was observed ( Fig. 5d to 5f) . These results suggested that Glu supplied into the brown rice samples during soaking were converted to GABA during preservation in the HP-treated and HP-untreated samples. In the samples soaked in 0.5 g/ml Glu solution, however, GABA concentration during preservation showed an inhibition response, which was roughly lower than those soaked in 0.01 g/ml Glu solution ( Fig. 5g ).
GABA concentration in
HP-induced amino acids bioconversion in brown rice
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The HP-treated samples, which had been soaked in 0.01 to 0.1 g/ml Glu solution, showed significantly higher GABA concentrations through the preservation period than those without HP treatment. This result was coincident with that obtained using the water-soaked samples.
Thus, the conversion from Glu to GABA could be promoted by the HP treatment. The increased concentrations of GABA in the HP-treated samples were remarkable at the 1 d and 2 d preservation as shown in Fig. 5a to 5f. This obser vation suggested that HP treatment enhanced the initial production rate of GABA. The HP treatment would possibly improve the apparent activity of 
tion.
The relationship between initial Glu concentration and initial GABA production rate of the HP-treated and HP-untreated samples were analyzed using the GABA concentrations at 0 d to 2 d preservation ( Fig. 6 ). In the brown rice samples without HP treatment, the increase of Glu concentration at 0 d increased the initial GABA production rate below approximately 16 μmol/g Glu concentrations. The initial GABA production rate of the samples without HP treatment was not affected by the Glu concentrations over 16 μmol/g Glu concentration. The kinetic parameters of purified GADs from rice were analyzed based on the liner Lineweaver-Burk plot, suggest-ing these followed the Michaelis-Menten kinetics [34, 35] . The relationship between initial Glu concentration and initial GABA production rate described above suggested that the GADs in the rice grains also followed Michaelis-Menten kinetics as repor ted for purified GADs.
In the initial Glu concentration between 0 and 23 μmol/g, the initial GABA production rate of the HP-treated sample showed increase with the increase of the initial Glu concentration. This increase was higher in HP-treated samples than in the untreated samples. The accelerated initial GABA production rate by HP treatment strongly supports the hypothesis that the apparent Glu solution still needs further investigation.
Conclusion
In this study, we supplied Glu into brown rice grains and allowed an enzymatic conversion from Glu to GABA induced by HP treatment. The brown rice grains acted as a bioreactor with a metabolic function for proteolysis and Glu conversion to GABA. The production level of GABA was affected by the initial Glu concentration, which could be controlled by the Glu concentration in the soaking solution. Moreover, the initial GABA production rate was accelerated by HP treatment at 200 MPa for 10 min.
These results provide feasibility for a novel use of HP technology to alter the metabolic pathways in a cellular biological material and to accumulate useful metabolites, leading to an insight into a new technology for functional foods processing.
